ABSTRACT This paper offers a new practical approach toward automated commonsense reasoning with first-order logic (FOL) SUMO-based ontologies. We propose a new black-box evaluation framework for SUMO-based ontologies, which exploits the world knowledge encoded in WordNet and its mapping into SUMO. Our proposal consists of both a novel semi-automatic method for the creation of a large set of commonsense problems and a new procedure that enables its automatic evaluation by using automated theorem provers (ATPs). The application of our method enables the creation of a very large benchmark consisting of more than 15 000 problems from a small set of manually built question patterns that exploit the WordNet semantic relations. By means of the resulting benchmark, we successfully evaluate the competency of different translations of SUMO into FOL and the performance of various state-of-the-art FOL ATPs according to several quality criteria. A general analysis of our experimental results demonstrates that the proposed commonsense problems are heterogeneous and non-trivial. Furthermore, a fine-grained analysis of the experimental results obtained for a sample of our benchmark enables the detection of some mapping errors and some discrepancies between the knowledge of WordNet and SUMO. The evaluation benchmark and all the resources that have been used and developed during this work are released in a single package.
I. INTRODUCTION
Recently, Artificial Intelligence has shown great advances in multiple research areas, but there is one critical area where limited progress has been shown: commonsense knowledge representation and commonsense reasoning [16] , [17] , [22] , [47] , [48] . The work introduced in this paper proposes to advance a step forward in this research line by providing a new black-box evaluation framework of first-order logic (FOL) SUMO-based ontologies [50] that exploits the world knowledge from WordNet [24] and its mapping into SUMO [51] .
Any ontology tries to provide an explicit formal semantic specification of the concepts and relations in a domain [7] , [34] , [36] , [37] , [52] , [67] . As with other software artifacts, ontologies typically have to fulfill some previously specified requirements. Usually both the creation of ontologies and the verification of its requirements are manual tasks that require
The associate editor coordinating the review of this manuscript and approving it for publication was Zijian Zhang. a significant amount of human effort. In the literature, some methodologies exist that collect the experience in ontology development [32] , [37] and, more specifically, in ontology verification [28] . Among others, some evaluation methods are based on the use of competency questions (CQs) [35] for validating functional requirements. That is, the competency of an ontology is measured by means of a set of goals or conjectures that are expected to be answered according to its requirements. The process of obtaining CQs is not automatic but creative [26] . Depending on the size and complexity of the ontology, creating a suitable set of CQs is by itself a very challenging and costly task. For instance, in [14] the authors propose a tool that creates and processes CQs written in natural language for OWL ontologies. Instead, in [8] , we propose a semi-automatic method for the creation of CQs for SUMO-based FOL ontologies on the basis of the knowledge encoded in WordNet [24] and its mapping into SUMO [51] .
In this paper, we propose a new method for the semiautomatic creation of CQs that enables the evaluation of the competency of SUMO-based ontologies in the sense proposed in [35] . Our proposal for the construction of CQs is based on several predefined question patterns (QPs) that yield a large set of conjectures by using information from WordNet and its mapping into SUMO. A preliminary version of our method for the automatic creation of CQs has already been presented in [8] , where we also proposed an adaptation of the methodology for the evaluation of ontologies introduced in [35] to be automatically applied using automated theorem provers (ATPs). As far as we know, our proposal is the first attempt to exploit WordNet for the evaluation of SUMO and, in general, for the evaluation of knowledge-based resources of this kind. We illustrate our proposal for the creation of CQs using WordNet by means of the next example: the synsets (sets of synonyms) dry 1 a and wet 1 a -which refer to the first sense of the adjectives dry and wet respectively (see Subsection II-B)-are related by the semantic relation antonym in WordNet, as depicted in Figure 1 . 1 In the same figure, we also provide the mapping of dry 1 a and wet 1 a into SUMO: dry 1 a is connected to Dry= and wet 1 a is connected to Wet=, where the symbol = refers to the equivalence mapping relation (see Subsection II-B). Roughly speaking, the mapping states that the synsets dry 1 a and wet 1 a of WordNet are semantically equivalent to the SUMO concepts Wet and Dry. Using the above information, we obtain a new conjecture by stating the same fact in terms of SUMO: that is, ''It is not possible to have the attributes Dry and Wet at the same time''. Indeed, we can propose two different conjectures (CQs) on the basis of the knowledge in Figure 1 . In the first one, the statement is assumed to be entailed by the ontology 2 
In the second one, which is obtained by the negation of (1), we assume that the statement is not entailed by the ontology: that is, that ''There exists something with the attributes Dry and Wet at the same time''. With the help of ATPs, we have experimentally checked that conjecture (1) is entailed by the knowledge in SUMO. By proceeding in this way, we obtain thousands of pairs of CQs on the basis of the information of WordNet using additional WordNet relations and only a few manually built QPs. The contributions of this paper are manifold. First, we present an evolved version of our methodology for the evaluation of FOL ontologies using ATPs. As introduced in [8] , our proposal is an adaptation of the methodology described in [35] for the evaluation of ontologies. Second, we propose a novel method for the semi-automatic creation of CQs that relies on a small set of manually built QPs. The proposed set of CQs enables the evaluation of a) the competency of ontologies derived from SUMO, b) the mapping between WordNet and SUMO, c) the knowledge in WordNet, and d) ATPs and other tools for automated reasoning. To the best of our knowledge, our proposal is the first attempt to exploit the information in WordNet and its mapping into SUMO for the automatic evaluation of knowledge-based resources using FOL ATPs. Third, we summarize the results of an automatic evaluation of the competency of several translations of SUMO into first-order logic (FOL) and the performance of various FOL ATPs by means of the adapted evaluation method proposed in [8] . Fourth, we report on the evaluation of the set of resulting CQs according to different quality criteria. On one hand, we automatically check its level of coverage with respect to the evaluated ontologies by parsing the proofs provided by ATPs. On the other hand, we perform a manual evaluation of a sample of the CQs and analyze in detail their results by considering the quality of the proposed conjectures, the mapping information of the involved synsets and the knowledge in the ontology. It is worth noting that a preliminary description of our proposal is reported in [9] , although using a different set of QPs and, obviously, different experimentation results.
Outline of the Paper: In order to make the paper selfcontained, in the following section we review the state-ofthe-art in automatic evaluation of SUMO-based ontologies using CQs. Our revision includes the existing translations of SUMO into FOL and the previously proposed CQs. In Section III, we describe our methodology for the automatic evaluation of ontologies using ATPs. We illustrate our proposal for the semi-automatic creation of CQs on the basis of WordNet hyponymy and antonymy by means of some examples in Section IV. Then, we report on our experimental evaluation of the competency of SUMO-based ontologies, the performance of FOL ATPs and the quality of the proposed set of CQs in Section V. Next, we discuss related work in Section VI. Finally, we provide some conclusions and discuss future work in Section VII. In Appendices A-B, we fully describe our QPs based on hyponymy and antonymy.
II. PRELIMINARIES
In this section, we review the resources that have been proposed and used in the literature for the evaluation of SUMO-based ontologies by using FOL ATPs. First, we describe SUMO and its transformations into FOL in the following subsection. Next, we introduce WordNet and its 36076 VOLUME 7, 2019 mapping into SUMO in Subsection II-B. Finally, we review the CQs that have been proposed for the evaluation of SUMO in Subsection II-C.
A. SUMO AND ITS TRANSFORMATIONS INTO FOL
SUMO 3 [50] has its origins in the nineties of the past century, when a group of engineers from the IEEE Standard Upper Ontology Working Group pushed for a formal ontology standard. Their goal was to develop a standard upper ontology to promote data interoperability, information search and retrieval, automated inference and natural language processing.
SUMO is expressed in SUO-KIF (Standard Upper Ontology Knowledge Interchange Format [55] ), which is a dialect of KIF (Knowledge Interchange Format [30] ). Both KIF and SUO-KIF can be used to write FOL formulas, but their syntax goes beyond FOL. Consequently, SUMO cannot be directly used by FOL ATPs without a suitable transformation [7] . With respect to higher-order aspects of SUMO, an additional translation is required for enabling the use of SUMO by means of pure higher-order theorem provers [56] .
Several different proposals for converting large portions of SUMO into a FOL ontology exist. Pease and Sutcliffe [57] report some preliminary experimental results evaluating the query timeout for different options when translating SUMO into FOL. Evolved versions of the translation described in [57] can be found in the Thousands of Problems for Theorem Provers (TPTP) problem library 4 [68] (hereinafter TPTP-SUMO). In this paper, we use the last version of TPTP-SUMO as provided by the authors using the SIGMA tool [56] . Following the approach of [40] , we use ATPs for reengineering around 88% of SUMO in [7] , obtaining Adimen-SUMO (v2.2). We are continuously evolving and improving Adimen-SUMO by correcting some of the defects presented in SUMO. As result of this process, we have corrected more than 100 defective axioms in the current version of Adimen-SUMO (v2.6). Both TPTP-SUMO and Adimen-SUMO inherits information from the top and the middle levels of SUMO (from now on, the core of SUMO), thus not considering the information from the domain ontologies.
The knowledge in SUMO is organized around the notions of instance and class. These concepts are respectively defined in SUMO by means of the predicates instance and subclass. 5 Additionally, SUMO also differentiates between relations and attributes, which are organized using the predicates subrelation and subAttribute respectively. For simplicity, from now on we denote the nature of SUMO concepts by adding as subscript the symbols o (SUMO instances that are neither relations nor attributes), c (SUMO classes that are neither classes of relations nor In Table 1 we provide some figures comparing the explicit content of SUMO (and its core), TPTP-SUMO and Adimen-SUMO. More concretely, the number of atomic formulas constructed on the basis of the predicates instance, subclass, subrelation and subAttribute. It is worth noting that a large number of atomic formulas on instance and subclass are introduced in TPTP-SUMO for the translation of the core of SUMO into FOL. On the contrary, the axiomatization proposed in Adimen-SUMO enables a compact formalization of the core of SUMO in FOL.
Nevertheless, Adimen-SUMO (and also TPTP-SUMO) does not include most of the instances defined in SUMO since domain ontologies are not translated. To overcome this problem, we include the following axiom in Adimen-SUMO v2. (?THING) (instance ?THING ?CLASS)))) (2) In this way, we ensure the existence of some instance of every SUMO class in Adimen-SUMO (v2.4 or newer) although domain ontologies are not translated.
B. WORDNET AND ITS MAPPING INTO SUMO
WordNet [24] is a large lexical database for English where nouns, verbs, adjectives and adverbs are grouped into sets of synonyms (synsets), each expressing a distinct concept. Each synset represents a word sense defined by a gloss (or short description in natural language) and is identified using the format word s p , where word is the word form, s is the sense number and p is the part-of-speech: n for nouns, v for verbs, and a for adjectives and s for satellites, which are a particular case of adjectives. Thus, the same word form occurs in several synsets in the case of polysemous words. For example, the word form body occurs in body 1 n (defined by the gloss ''the entire structure of an organism (an animal, plant, or human being)'') and body 2 n (defined by ''a group of persons associated by some common tie or occupation and regarded as an entity'').
Although superficially resembling a thesaurus, WordNet interlinks not just word forms but specific senses of words. Thus, the main relation in WordNet is synonymy, but synsets are interlinked by means of many conceptual-semantic and lexical relations. Amongst them, in this paper we focus on the following ones:
• hyperonymy and hyponymy, which are the super-and subordinate relations between synsets. For example, rock 2 n (''material consisting of the aggregate of minerals like those making up the Earth's crust'') is hyponym of material 1 n (''the tangible substance that goes into the makeup of a physical object'').
• antonymy and similarity relations, which are used to organize adjectives as follows: antonymy connects pairs of adjectives with opposite meaning, and each of these adjectives in turn is linked to semantically compara- Figure 2 ). In addition, antonymy is propagated by similarity, which enables the extension of the set of pairs of adjectives related by antonymy. In the above example, each satellite of hot 1 a (resp. cold 1 a ) is antonym of cold 1 a (resp. hot 1 a ) and, furthermore, is also an antonym of each satellite of cold 1 a (resp. hot 1 a ), thus obtaining a set of 36 antonymy-pairs from the information in Figure 2 . Further, antonymy also relates nouns or verbs with opposite meaning. For example, natural_object 1 n and artifact 1 n are related by the semantic relation antonymy.
WordNet is linked with SUMO by means of the mapping described in [51] . This mapping connects WordNet synsets to terms in SUMO using three relations: equivalence, subsumption and instantiation. Additionally, the mapping also uses the complementaries of equivalence and subsumption. We denote mapping relations by concatenating the symbols '=' (equivalence), '+' (subsumption), '@' (instantiation), ' =' (complementary of equivalence) and ' +' (complementary of subsumption) to the corresponding SUMO concept. For example, the synsets horse 1 n , education 4 n , zero 1 a , natural_object 1 n and dark 1 a are connected to Horse c =, EducationalProcess c +, Integer c @, Artifact c = and Radiating Light c + respectively. equivalence denotes that the related WordNet synset and SUMO concept are equivalent in meaning, whereas subsumption and instantiation indicate that the semantics of the WordNet synset is less general than the semantics of the SUMO concept. In particular, instantiation is used when the semantics of the WordNet synsets refers to a particular member of the class to which the semantics of the SUMO concept is referred. From now on, we say that a WordNet synset is less general (or more specific) than the SUMO concepts to which the synset is connected using subsumption or instantiation, and vice versa.
C. AVAILABLE COMPETENCY QUESTIONS FOR SUMO
In this subsection, we review the competency questions (CQs) [35] that have been proposed in the literature for the evaluation of SUMO-based ontologies. We classify those CQs into 2 sets, depending on the nature of their creation method.
On one hand, the first set consists of only 64 
Obviously, conjecture (4) is assumed to be true and conjecture (4) is assumed to be false according to our world knowledge. In other words, conjecture (4) is expected to be entailed by the knowledge in SUMO while conjecture (4) is not.
On the other hand, the second set consists of the CQs that have been obtained by following a semi-automatic process (automatically generated CQs). To the best of our knowledge, the first proposal for the semi-automatic creation of CQs is described in [8] , where we introduced a preliminary version of the method described in this paper for the exploitation of WordNet and its mapping into SUMO. Among other restrictions, we focused on synsets connected to SUMO classes, and thus we discarded much of the mapping information. The resulting set of 7,112 CQs have been also used for the automatic evaluation of ATP systems reported in [10] . In addition, we have applied the same methodology for the creation of CQs on the basis of some other WordNet relations:
• Hyponymy. The main structural relation of WordNet for noun and verb synsets. In [3] , we propose 2 QPs that yield 23,104 CQs. We illustrate the process of creating CQs based on hyponymy in Section IV and provide a full description of the proposed QPs in Appendix A.
• Antonymy (and similarity). The main structural relation of WordNet for adjectives, although also relates nouns and verbs with opposite meaning. In [9] , we propose 3 QPs from which we obtain 6,910 CQs. An example of the resulting CQs is given in Section IV and we provide a full definition of the proposed QPs in Appendix B.
• Meronymy. WordNet provides 3 part-whole relations: part, member, material. In [4] , we propose 4,290 CQs on the basis of 4 QPs.
• Morphosemantic links. Semantic relations between morphologically related verbs and nouns provided in the morphosemantic database 7 [25] . In [9] , we provide 4,770 CQs on the basis of 3 QPs for event, and 3,930 CQs on the basic of 4 QPs for agent, instrument and result. A sample of 150 CQs selected from the benchmark introduced in [9] has been included in the CSR domain of TPTP v7.3.0. 8
III. AUTOMATIC EVALUATION OF FOL ONTOLOGIES USING CQs
In this section, we summarize our adaptation of the methodology for the design and evaluation of ontologies introduced in [35] to be automatically applied using state-ofthe-art ATPs, as initially proposed in [8] .
Grüninger and Fox [35] propose to evaluate the expressiveness of an ontology by proving completeness theorems w.r.t. a set of CQs: that is, the conditions under which the solutions to the CQs are complete. The proof of completeness 7 Available at http://wordnetcode.princeton.edu/standoff-files/ morphosemantic-links.xls.
8 File: CSR006+0.ax.
theorems requires checking whether a given CQ is entailed by the ontology or not: that is, given an ontology and a conjecture φ, we must decide if | φ. For this purpose, in [8] we propose to use ATPs such as Vampire [58] and E [61] that work by refutation 9 within some given executiontime and memory limits. Theoretically, if the conjecture is entailed by the ontology, then ATPs will eventually find a refutation given enough time (and space). However, theorem proving in FOL is a very hard problem, so it is not reasonable to expect ATPs to find a proof for every entailed conjecture [43] . Thus, if ATPs can find a proof for a conjecture φ in an ontology , then we can be sure that the corresponding CQ is entailed by : that is, | φ. On the contrary, if ATPs cannot find a proof, we do not know if (a) the conjecture is not entailed by the ontology ( | ? φ) or (b) although the conjecture is entailed, ATPs have not been able to find the proof within the provided execution-time and memory limits ( | ? φ). Due to the semi-decidability problem of FOL, increasing the execution-time and memory limits is not a solution for conjectures that are not entailed. For the same reason, using other systems that do not work by refutation (for example, by model generation) is not a general solution.
Furthermore, we also propose the division of the set of CQs into two classes: truth-tests and falsity-tests, depending on whether we expect the conjecture to be entailed by the ontology or not. An example of truth-test is conjecture (3) -''Siblings have the same mother''-, which belongs to the CSR domain of the TPTP problem library, because it is expected to be entailed. On the contrary, conjecture (4) -''Herbivores eat animals''-, which belongs to the set of CQs proposed in [8] , is a falsity-test since it is not expected to be entailed by the ontology.
In order to overcome the problem of deciding whether CQs are entailed or not by the ontology using ATPs, we propose the classification of CQs as either (i) proved or (ii) unknown using the following criteria:
• If ATPs find a proof, then CQs are classified as proved.
For example, ATPs easily prove that conjecture (3) is entailed by Adimen-SUMO v2.6, thus the truth-test is classified as proved.
• Otherwise, if no proof is found, then we classify both truth-and falsity-tests as unknown because we do not know whether the corresponding conjectures are entailed or not. For example, conjecture (4) is classified as unknown according to Adimen-SUMO v2.6.
As discussed for the example in Figure 1 , truth-and falsitytests can be interpreted as complementary conjectures. That is, given a truth-test φ, one can propose its negation ¬φ as falsity-test, and vice versa. For example, the following truthtest -''Herbivores do not eat animals''-is obtained by the 
Conjecture (6) is classified as proved according to Adimen-SUMO v2.6. In the same way, we obtain a new falsity-test by negating conjecture (3) . Hence, in general we can assume that any set of CQs that is used for the evaluation of FOL ontologies consists of complementary truth-and falsity-tests. Furthermore, from now on we consider a truth-test φ and its negative counterpart ¬φ as a single problem consisting of two conjectures. For the sake of simplicity, we denote each problem by its truth-test. Thus, the truth-test of a problem φ is φ itself, and the falsity-test of a problem φ is ¬φ.
In Table 2 , we describe the evaluation of a FOL ontology on the basis of a set of problems. For each problem, we distinguish four cases (Case column) depending on the results obtained from ATPs (Condition columns), and then propose a classification (Problem classification columns) and the corresponding conclusion (Assessment column). In the first two cases (i.e. cases (a) and (b)), ATPs find a proof for either the truth-test or the falsity-test of a problem φ. Hence, φ is decided to be solved. If ATPs prove only | φ -that is, | ? ¬φ and | ? ¬φ-(case (a)), then we know that the knowledge in φ is already included in the ontology and, consequently, we say that the problem φ is entailed by (also compatible with) the ontology . Otherwise, when ATPs prove only | ¬φ -that is, | ? φ and | ? φ-(case (b)), we can say that the problem φ is incompatible with the ontology. In the last two cases (i.e. cases (c) and (d)), the truth-and falsity-tests of a problem φ are classified as either proved or unknown and, thus, φ remains unsolved. On one hand, if ATPs find a proof for its truth-and falsitytest (case (c)), then we can be certain that is inconsistent since falsity-tests are obtained by the negation of truth-tests and a consistent formula cannot entail both a formula and its negation. On the other hand, both the truth-and the falsity-test of a problem φ are classified as unknown because ATPs do not find any proof before running out of resources (case (d)). Hence, we have no information for the evaluation of according to the problem φ and, more specifically, we do not know whether:
• φ is new knowledge that could be included in for improving the knowledge in the ontology.
• φ is either redundant -that is, already entails φ-or incompatible with -that is, | ¬φ-, since ATPs cannot find a proof within the given resources of time and memory.
On the basis of this evaluation method, one can propose different metrics for comparing the competency of several FOL ontologies. In this paper, we consider the following two ones: c 1 and c 2 . The first metric is defined as
where e and i respectively denote the number of entailed and incompatible problems, and n denotes the size of the benchmark. In this metric, we take into account two facts: a) the more entailed problems, the more validated the ontology is; b) the more incompatible problems, the more information the ontology provides about possible defects in the ontology or the problems. In the case of b), the provided information can be really useful for the improvement of the knowledge in both the benchmark and the ontology, for example if the knowledge resources are misaligned. Consequently, the larger number of solved problems, the more competent an ontology is. By contrast, c 2 is given by
where e, i and n are defined as for c 1 . In this second metric, we assume that the knowledge in the benchmark is correct. Thus, we take into account fact (a) and the following one: c) the more incompatible problems, the more defective the ontology is. Therefore, the larger difference between the number of entailed and incompatible problems, the more competent the ontology is.
IV. AUTOMATIC CREATION OF CQs
In this section, we describe the process of automatically creating CQs on the basis of the WordNet relations hyponymy and antonymy by means of some predefined QPs. For this purpose, in the next subsections we first introduce a translation of the WordNet-SUMO mapping information into the language of SUMO, and then illustrate the process of creating CQs by means of some examples. In Appendices A-B, we provide a full description of the proposed QPs for hyponymy and antonymy and additional examples about its application.
A. TRANSLATING THE MAPPING INFORMATION INTO THE LANGUAGE OF SUMO
The WordNet-SUMO mapping information can be translated into the language of SUMO by means of the proposal introduced in [9] that characterizes the mapping information of a synset in terms of SUMO instances. One SUMO statement is constructed for each synset by introducing new variables. The quantification of the introduced variables is determined by the mapping relation that is used for connecting the given synset (see Subsection IV-B and Appendices A-B). Next, we briefly describe the translation of the mapping information of synsets connected to a single SUMO concept:
• If the given synset is connected to a SUMO instance, then we simply use equality to state that the synset is exactly related with that SUMO instance. For example, the synset yearlong 1 s is connected to the SUMO instance YearDuration o , thus the statement (equal ?X YearDuration) (7) represents that the values of ?X related with yearlong 1 s have to be equal to YearDuration o .
• If the synset is connected to a SUMO class, then we use the Adimen-SUMO predicate instance r . For example, artifact 1 n is connected to the SUMO class Artifact c , hence (instance ?X Artifact) (8) states that the values of ?X related with artifact 1 n must be an instance of Artifact c .
• If the given synset is connected to a SUMO attribute, we can establish the properties of the SUMO instances related to that synset using the Adimen-SUMO predicate attribute. For example, goddess 1 n is connected to Female a , therefore the statement (attribute ?X Female) (9) states that the values of ?X related with goddess 1 n have Female a as a property.
• If the given synset is connected to a SUMO relation, then it is not clear which SUMO instances are connected to the synset because the arity of SUMO relations is greater than one and there are many possible understandings. Therefore, no translation is proposed. Regardless of the nature of the SUMO concept to which a synset is connected, the statements obtained for synsets connected using the complementary of the equivalence or the subsumption mapping relations are simply negated. For example, the synset natural_object 1 n is connected to Artifact c =. By proceeding as described above, we would obtain statement (8) . Hence, we negate statement (8) and obtain (not (instance ?X Artifact)) (10) which states that the values of ?X related to natural_object 1 n cannot be an instance of Artifact c . In addition, for the translation of the mapping information of synsets connected to more than one SUMO concept, the statements obtained for each single SUMO concept are connected by conjunction. In this way, the mapping information of male_horse 1 n , which is connected to both Male a + and Horse c +, is translated as follows:
(and (attribute ?X Male) (instance ?X Horse)) (11)
B. CREATION OF CQs ON THE BASIS OF HYPONYMY AND ANTONYMY
Regarding hyponymy, as an example we consider the pair of synsets judgement 1 n (''the legal document stating the reasons for a judicial decision'') and legal_document 1 n (''law -a document that states some contractual relationship or grants some right''), which are respectively connected to LegalDecision c = and Contract a = (see Figure 3) . Since both synsets are connected using equivalence, judgement 1 n and legal_document 1 n are semantically equivalent to the SUMO statements that result from their mapping information by introducing the variable ?X:
In addition, legal_document 1 n is more general than judgement 1 n by hyponymy. Consequently, we can conclude that statement (13) is more general than statement (12) , as proposed by the second QP based on hyponymy that is described as follows:
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The problem consisting of the above CQ and its negation is classified as solved and entailed according to Adimen-SUMO (in both v2.2 and v2.6), while it is classified as unsolved according to TPTP-SUMO. With respect to antonymy, as an example we choose the pair of verb synsets stand_up 4 v (''be standing; be upright'') and lie 2 v (''be lying, be prostrate; be in a horizontal position''), which are respectively connected to Standing a = and LyingDown c + (see Figure 4) . From their mapping information, we obtain the following SUMO statements by introducing the variables ?X and ?Y:
(attribute ?Y LyingDown)
As before, stand_up 4 v is mapped using equivalence, therefore stand_up 4 v and statement (16) 
The problem consisting of the above CQ and its negation is classified as solved and entailed according to Adimen-SUMO v2.6, while it is classified as unsolved according to TPTP-SUMO and Adimen-SUMO v2.2.
In Table 3 , we summarize the number of problems -that is, pairs of CQs-(Problems column) that result from the proposed QPs (QP column) and the WordNet hyponymy and antonymy pairs (WordNet Pairs column). More specifically, we propose 2 different QPs for hyponymy and 3 different QPs for antonymy, see Appendices A-B for details. In total, more than 15,000 different problems (thus, more than 30,000 CQs) are generated. To the best of our knowledge, this is the largest benchmark that has been ever proposed for FOL ontologies.
V. EXPERIMENTATION
Based on the benchmark that results from WordNet hyponymy and antonymy, we have performed several experiments in order to evaluate the competency of SUMO based ontologies by following the methodology described in Section III. In addition, we also evaluate the performance of state-of-the-art FOL ATPs. For each test, we provide an ontology and the given conjecture as input to the ATP system that is individually executed in a single processor with a time limit of 600 seconds and memory limit of 2GB of RAM. In this experimentation, tests have been executed in AMD R Magny-Cours E5420-2.5GHz processors and we have used some of the most successful ATPs in CASC the last years: Vampire 10 (v2.6, v3.0, v4.1 and v4.2.2) [43] and E 11 (v2.1) [61] . A total of 75,035 hours/processor have been required for performing all the experiments.
The results of our experimentation 12 are reported in the following subsections as follows. First, we report on the evaluation of the competency of TPTP-SUMO and Adimen-SUMO (v2.2 and v2.6) in Subsection V-A. Then, we analyze the coverage and difficulty of the proposed benchmark in Subsection V-B. In Subsection V-C, we report on the evaluation of the performance of state-of-the-art ATPs. Finally, we provide a detailed analysis of a sample of the proposed problems in Subsection V-D.
A. EVALUATING THE COMPETENCY OF SUMO BASED ONTOLOGIES
In this subsection, we report on the evaluation of the competency of TPTP-SUMO and Adimen-SUMO in Tables 4-5 . In the case of Adimen-SUMO, we also evaluate the improvement between two different versions: Adimen-SUMO v2.2, which is the first version we proposed, and Adimen-SUMO v2.6. Table 4 summarizes the results of the experimental evaluation of TPTP-SUMO and Adimen-SUMO (v2.2 and v2.6). 10 Using the following parameters: -proof tptp -output_axiom_names on -mode casc -t 600 -m 2048.
11 Using the following parameters: -auto -proof-object -s -cpu-limit=600 -memory-limit=2048. 12 The ontologies TPTP-SUMO and Adimen-SUMO, the set of CQs and all the execution reports are freely available at http://adimen.si.ehu.es. Tests have been organized in two main divisions: truth-tests and falsity-tests. In addition, each division is organized into problem categories according to the QPs that are described in Appendices A-B: noun/verb #1 and #2 problem categories from the QPs based on hyponymy, and antonym #1, #2 and #3 problem categories from the QPs based on antonymy. For each ontology and each problem category (with the total number of problems between brackets), we provide the number (# column) and percentage (% column) of conjectures that are proved together with the average run time (T column) and the efficiency measure that is used in CASC. This efficiency measure balances the time taken for each test solved against the number of tests solved and it is calculated as the average of the inverses of the times for tests solved.
According to our experimental results, none of the ontologies have been proved to be inconsistent since there is no problem such that both its truth-and falsity-test are classified as proved.
In terms of solved problems, it is easy to see that Adimen-SUMO v2.6 is the most competent ontology because it outperforms TPTP-SUMO and Adimen-SUMO v2.2: 8,471 against 2,309 and 4,190 respectively. At the same time, the two versions of Adimen-SUMO outperform TPTP-SUMO in the truth-test category and Adimen-SUMO v2.6 outperforms TPTP-SUMO and Adimen-SUMO v2.2 in all the problem categories of the truth-test division. In particular, the larger competency improvement of Adimen-SUMO v2.6 with respect to TPTP-SUMO and Adimen-SUMO v2.2 occurs in the problems that result from the QPs based on hyponymy. In fact, we expected even better results for those problems. However, several issues prevent unsolved or incompatible problems from being classified as entailed. Among others: a) discrepancies between the knowledge of WordNet and SUMO; b) the lack of knowledge in SUMO [3] ; c) incorrect mappings between WordNet and SUMO; d) the lack of resources for ATPs. We discuss some of these issues in the detailed analysis described in Subsection V-D. Anyway, our current experiments show that the conjectures proposed by truth-and falsity-tests are heterogeneous, and also that the results obtained by using each ontology are quite different.
Regarding efficiency, TPTP-SUMO is the ontology with the lowest average runtime -14.49 s. against 25.22 s. (Adimen-SUMO v2.2) and 41.78 s. (Adimen-SUMO v2.6)-and Adimen-SUMO v2.2 is the most efficient ontology according to the E efficiency value: 1,019.97 against 735.52 (TPTP-SUMO) and 433.29 (Adimen-SUMO v2.6). The fact that Adimen-SUMO v2.6 is the ontology with the worst average runtime and efficiency value leads us to think that the problems that are only solved using Adimen-SUMO v2.6 require complex and long proofs, which confirms the improvement in terms of competency. On the contrary, ATPs can construct simpler proofs using TPTP-SUMO due to the amount of explicit knowledge (see Table 1 ), although the search of the required axioms may be harder and sometimes unsuccessful.
Further, in Table 5 we compare the competency of TPTP-SUMO and Adimen-SUMO (v2.2 and v2.6) by using the competency metrics c 1 and c 2 introduced in Section III. For this purpose, we consider the two main problem categories (hyponymy and antonymy) and the whole benchmark.
According to c 1 (the ratio between the number of solved problems and the size of the benchmark), it is easy to see that Adimen-SUMO v2.6 is the most competent ontology because it outperforms TPTP-SUMO and Adimen-SUMO v2.2: 0.564 against 0.154 and 0.279 respectively.
Regarding c 2 (the ratio between the difference of the number of entailed and incompatible problems and the size of the benchmark), Adimen-SUMO v2.6 also outperforms TPTP-SUMO and Adimen-SUMO v2.2: 0.265 against 0.097 and −0.020. Thus, we can decide that Adimen-SUMO v2.6 is better aligned to the knowledge in WordNet than TPTP-SUMO and Adimen-SUMO v2.2.
In summary, Adimen-SUMO v2.6 appears to be the most competent ontology and the one that is best aligned to the knowledge in WordNet. Further, since the source knowledge of TPTP-SUMO and Adimen-SUMO is the same, one would expect to obtain similar competency results for those ontologies. Hence, our evaluation indicates that the FOL formalization of Adimen-SUMO is more competent than the one of TPTP-SUMO.
B. EVALUATING THE COVERAGE AND DIFFICULTY OF THE BENCHMARK
In order to evaluate the suitability of the proposed benchmark for the evaluation of SUMO based ontologies, we concentrate on Adimen-SUMO v2.6 and perform a more detailed analysis of our experimental results. More concretely, we focus on the coverage and the difficulty of the benchmark. In Table 6 , we report the results of this analysis by organizing tests like in Table 4 and grouping columns into two main parts. In the first part (Coverage), we provide the following figures about the axioms from Adimen-SUMO v2.6 that are used in some of the proofs provided by ATPs 13 :
• The number (N column) and percentage (P column) of axioms that are used in some proofs.
• The number of axioms that are exclusively used in proofs of the corresponding problem subcategory (S column).
• The number of used atomic formulas (A column) and general formulae (G column). 13 Adimen-SUMO v2.6 consists of 8,037 formulas: 4,998 atomic formulas and 3,039 general formulae.
In the second part (Difficulty), we provide some measures of how difficult it is to prove the CQs of each (sub)category:
• On one hand, we use the problem difficulty rating introduced in [70] , which is calculated as the ratio between the number of ATPs that fail to solve a conjecture (failing rating contributors) and the total number of ATPs that have been tried (rating contributors). Thus, this rating provides a value between 0 (easy problems, 0 failing contributors) and 1 (unknown of difficult problems, all the rating contributors are failing) for each CQ. In column D, we provide the average of the difficulty problem ranking for the CQs that are successfully solved by at least one ATP among the five ranking contributors. Consequently, the highest possible value in column D is 0.80, since the number of rating contributors is 5.
• On the other hand, we report the average number of axioms (N column) that are used in each proof and the average number of atomic formulas (A column) and general formulae (G column). These values provide a measure about the amount and nature of knowledge that is required for solving a CQ: more concretely, the amount of explicit (atomic formulas) and implicit knowledge (general formulae) of the ontology that is used by ATPs. Regarding the coverage of the benchmark, it is clear that a large portion of the ontology (3,516 axioms, 43.75% of the total) is used in the proof of the 8,471 solved problems. In addition, more than a third part of axioms are used in a single problem category (1,297 from 3,516 axioms) and the average number of axioms in each proof is around 11. Thus, we can conclude that ATPs are not repeatedly using the same subset of axioms in the proofs.
With respect to the difficulty of the benchmark, falsitytests are clearly more difficult that truth-tests according to the problem difficulty rating: 0.30 against 0.12. This result agrees with the fact that the three ontologies are more efficient for truth-tests than for falsity-tests according to the average runtime (see Table 4 ). On the contrary, if we classify the problems in categories with a difficulty rating higher than 0.4 (i.e. higher than the half of the highest possible value: 0.8) as difficult and the remaining ones as easy, most of the difficult problems belong to the truth-test division: more concretely, 1,139 problems that belong to the second and third antonym problem categories of the truth-test division against 214 problems that belong to the second noun and verb problem categories of the falsity-test division. In addition, from the results reported in Tables 4-6 it is clear that the average runtime and the average number of axioms in proofs can be used as difficulty measures: in general, the problem categories with the highest difficulty ratings have also the highest average runtime and the highest average number of axioms in proofs. 14 To summarize, the proposed benchmark provides a large coverage although it is based on only two WordNet relations, and the resulting problems are diverse and non-trivial. Therefore, we can conclude that the quality of our benchmark is high as we also demonstrate in the next subsections.
C. EVALUATING THE PERFORMANCE OF FOL ATPs
In this section, we report on the evaluation of the performance of ATPs by using our benchmark. For this purpose, we concentrate again on the experimental results obtained by Adimen-SUMO v2.6, which is the most competent ontology as described in Subsection V-A.
In Table 7 , we summarize some figures from the evaluation of the different versions of Vampire (VP) -v2.6, v3.0, v4.1 and v4.2.2-and E (EP) -v2.1-by organizing tests like in Table 4 . For each ATP, we provide the number of proofs (# column), the average run times (T column) and the CASC efficiency measure (E column) in each problem subcategory.
Globally, Vampire v2.6 is the most effective ATP according to the total number of proved tests (8,089) with a difference of 430 and 1,203 proved tests to Vampire v3.0 (second place) and Vampire v4.1 (third place) respectively. This result is different from our preliminary evaluation of ATPs reported in [10] , which is based on a different set of WordNet relations. In that evaluation, Vampire v3.0 was the most effective ATP and Vampire v2.6 obtained nearly the same number of proofs for the set of CQs proposed in [8] .
Regarding divisions and problem categories, Vampire v2.6 and Vampire v3.0 are the winners in the truth-test (5,923 solved problems) and the falsity-test division (2,169 solved problems) respectively. Further, Vampire v2.6 and Vampire v3.0 are also the winners in all the problem categories of the truth-test and falsity-test divisions except for the second antonym problem category of the truth-test division and the second noun problem category of the falsitytest division, where E is the winner. In addition, all the ATPs are able to solve the same number of problems in the first and second antonym problem categories of the falsitytest division, and there are 3 winners -E, Vampire v2.6 and Vampire v3.0-in the third antonym problem category of the same division.
Anyway, from the results reported in Tables 4 and 7 it is easy to see that any individual ATP is less effective than the system that is obtained by the combination of all the ATPs. In particular, Vampire v2.6 is almost 5% less effective: 8,089 problems are solved by Vampire v2.6 while 8,471 problems are solved by the combination of all the ATPs. Thus, ATPs are able to solve different subsets of problems.
The analysis of efficiency is more disparate:
• According to the CASC efficiency measure, Vampire v3.0 is globally the most efficient ATP (356.16) and also the most efficient one in the truth-test division (482.46), while Vampire v4.2.2 is the most efficient ATP in the falsity-test division (113.77). Additionally, all the ATPs are the most efficient ones in some of the problem categories.
• Vampire v2.6 is the ATP with the lowest average runtime (57.64 s.) in total, and also the ATP with the lowest average runtime in the falsity-test division (78.48 s.), while Vampire v3.0 is the ATP with the lowest average runtime in the truth-test division (13.20 s.) . Further, all the ATPs have the lowest average runtime in some of the problem categories. Therefore, it is not clear which ATP is the most efficient one according to the considered measures.
To sum up, as in the above subsection these experiments indicate that the type of problems included into our benchmark are of a different nature enabling the evaluation of a wide range of features of state-of-the-art ATPs. Actually, a different subset of our benchmark is solved by each ATP. 
D. A COMPLETE ANALYSIS OF A SMALL SET OF PROBLEMS
As we have already described in the above subsections, our benchmark is suitable for evaluating the competency of SUMO-based ontologies and the performance of FOL ATPs. These are some good indicators of the quality of the proposed set of problems. However, a more detailed analysis of our benchmark requires a manual inspection of the CQs. Thus, we have randomly selected a sample of 150 problems (1% of the total) following a uniform distribution and analyzed the results obtained for those problems in the evaluation of Adimen-SUMO v2.6.
In our detailed analysis, we focus on two questions. On one hand, we analyze the quality of mapping of the involved synsets. For this purpose, we classify the mapping of synsets as either correct or incorrect according to the following criteria: a mapping is classified as correct if the semantics associated with the SUMO concept and with the synset are compatible, and it is classified as incorrect otherwise. • If the problem is solved, then we classify the knowledge in the proof provided by ATPs as either correct or incorrect depending on whether it matches our world knowledge or not.
• If the problem is unsolved and the mapping of the two involved synsets is correct, then we manually check whether the problem can be entailed by the knowledge in the ontology.
• If the problem is unsolved and the mapping of some of the involved synsets is incorrect, then the knowledge in the problem does not match our world knowledge and, consequently, it is not subject of classification.
It is worth noting that, in the case of unsolved problems such that the required knowledge is classified as existing, ATPs cannot find a proof for its truth-or falsity-test because of the lack of time or memory resources.
In Table 8 , we summarize some figures of our detailed analysis, where problems are organized into categories in the first column (Problem category) according to the QPs described in Appendices A-B and the remaining columns are grouped into five main parts. In the first part (#, 1 column), we provide the number of problems of each category that have been randomly chosen. In the second and third parts (Entailed and Incompatible, 5 columns each), we provide the result of our quality analysis for the solved problems that have been classified as entailed (its truth-test has been proved) and incompatible (its falsity-test has been proved) respectively. More concretely:
• The number of solved problems (S column).
• The number of solved problems with a correct (CM column) and incorrect mapping (IM column). Additionally, in the CM column we provide the number of solved problems with a correct and precise mapping between brackets.
• The number of solved problems that have been proved on the basis of correct (CK column) and incorrect knowledge (IK column).
In the fourth part (Unsolved, 3 columns), we provide the result of our analysis for the unsolved problems:
• The number of unsolved problems (U column).
• The number of solved problems with a correct (CM column) and incorrect mapping (IM column). As before, in the CM column we provide the number of solved problems with a correct and precise mapping between brackets.
Finally, in the last part (Total, 5 column) we summarize the result of our analysis:
• The number of problems with a correct (correct and precise between brackets) and incorrect mapping (CM and IM columns).
• The number of solved problems (S columns) that have been proved on the basis of correct (CK column) and incorrect knowledge (IK column).
In total, the synsets in 98 problems (65%) are decided to be correctly connected to SUMO and, among them, the synsets in 17 problems (11%) are decided to be precisely connected. Thus, some of the synsets are not correctly connected to SUMO in 52 problems (35%). Further, 80 problems (53%) are solved and the knowledge of the ontology that is used in the proofs reported by ATPs is decided to be correct (100%) according to our world knowledge. Among solved problems, 63 problems (79%) are classified as entailed and 17 problems (21%) are classified as incompatible. By manually analyzing incompatible problems, we have discovered that the knowledge of WordNet and SUMO related to all the problems with a correct mapping is not well-aligned. Thus, we can conclude that our proposal also enables the correction of the alignment between WordNet and SUMO. For example, smoking 1 n (''the act of smoking tobacco or other substances'') is hyponym of breathing 1 n (''the bodily process of inhalation and exhalation; the process of taking in oxygen from inhaled air and releasing carbon dioxide by exhalation'') in WordNet. However, smoking 1 n and breathing 1 n are respectively connected to Smoking c = and Breathing c =, which are disjoint classes in SUMO. Further, the mapping of the involved synsets is classified as correct in 49 of 63 entailed problems (78%), while only 14 problems (22%) are classified as entailed with an incorrect mapping. By contrast, among incompatible and unsolved problems, the percentage of problems with an incorrect mapping is much higher: 42% (8 of 17 entailed problems) and 43% (30 of 70 unsolved problems) respectively. Hence, we can conclude that the competency evaluation results of Adimen-SUMO v2.6 would be better if correcting the mapping. This is especially the case of the problems from the antonym categories since 26 of 40 antonym problems (65%) have an incorrect mapping, which reveals the poor quality of the mapping of WordNet adjectives and satellites. Finally, we have manually checked that 36 of the 40 unsolved problems with a correct mapping (90%) cannot be entailed by the knowledge in SUMO, which sets an upper bound on the number of problems that can be classified as solved although augmenting the knowledge of the ontology and correcting the mapping and the alignment between WordNet and SUMO.
Next, we summarize the main conclusions drawn from our detailed analysis:
• The solutions of all the solved problems -with either correct or incorrect mapping-are based on correct knowledge of the ontology (CK columns). This means that we have not discovered incorrect knowledge in the ontology by inspecting the proofs provided by ATPs.
• The mapping of a third of the problems is classified as incorrect (52 of 150 problems) and, among them, a half of the problems belong to the antonym categories (26 of 52 problems). This is mainly due to the poor quality of the mapping of WordNet adjectives and satellites because many of them are connected to SUMO processes instead of SUMO attributes. Further, the number of problems with a precise mapping among the problems with a correct mapping is very low (17 of 98 problems). However, this is not surprising due to the large difference between the number of concepts defined in the core of SUMO (around 3,500 concepts) and WordNet (117,659 synsets).
• Among incompatible problems, the ones with a correct mapping (9 of 17 problems) enable the detection of some misalignments between the knowledge of WordNet and SUMO.
• Most of the unsolved problems with a correct mapping -36 of 40 problems (90%)-are due to the lack of information in the core of SUMO. However, we have also discovered 4 problems for which either its truthor falsity-test is entailed by knowledge in the core of SUMO although it cannot be proved by ATPs within the given resources of time and memory. Thus, ATPs are able to solve 80 of 84 the problems (95%) that are entailed by the current knowledge of the ontology. This implies that the highest possible value of c 1 and c 2 is 0.95 when using Vampire (v2.6, v3.0, v4.1 and v4.2.2) and E v2.1.
VI. RELATED WORK
Both testing and debugging methods have been applied for the evaluation of the ontologies. The purpose of testing methods is detecting errors or inconsistencies/incoherencies in the knowledge of the given ontologies. Once the presence of some error is detected, the objective of debugging methods is determining which parts of the ontology are involved in order to facilitate its manual correction by an expert. In Software Engineering, testing methods are traditionally classified as either black-box or white-box [49] : black-box methods are characterized by the fact that tests are defined according to the expected requirements of the software, while white-box ones are based on its internal structure. Following this criterion, our proposal can be classified as black-box.
Most frequent black-box testing methods are based on consistency checking. While state-of-the-art reasoners such as FaCT++ [72] , Pellet [65] or HermiT [31] enable consistency proving in the case of Description Logic (DL) ontologies, VOLUME 7, 2019 providing a formal prove of the consistency of large and complex ontologies expressed in FOL is much difficult.
Similar to our proposal, some other black-box testing methods also cross-check ontologies against other knowledge bases. For example, we used the knowledge in EuroWordNet Top Ontology [2] for detecting errors in the hierarchy of WordNet. Similarly, Paulheim and Gangemi [54] propose to find errors in DBpedia [11] , [15] by exploiting its alignment to DOLCE [29] while Teymourlouie et al. [71] use the knowledge extracted from DBpedia for detecting hidden modeling errors in DL ontologies.
By contrast, as far as we know there are only two methods that can be classified as white-box testing methods. On one hand, Schulz et al. [62] propose creating potentially unsatisfiable subsets of axioms by applying SInE strategies [38] on the basis of a selected seed symbol. In this way, large first-order knowledge bases can be proved to be inconsistent if some inconsistent subset is found. On the other hand, in [9] we propose a fully automatic method for the systematic creation of tests on the basis of the syntactical form of the formulas that can be applied to any FOL ontology including DL ones. Among other ontologies, this method has been successfully applied to several FOL versions of DOLCE and SUMO.
Finally, debugging methods are mainly applied to DL ontologies and its classification is slightly different [53] : black-box methods use reasoners as the oracle for a certain set of questions e.g., subsumption, satisfiability, etc.; glass-box methods are based on information extracted from the internals of reasoners, which are sometimes specifically adapted for the debugging task. There exists a large variety of techniques which are used in both classes of methods for DL ontologies. Among others, justification based techniques in black-box methods [27] , [39] , [41] , [63] , axiom pinpointing in blackbox [13] and glass-box methods [12] , and checking unsatisfiable dependant paths in glass-box methods [73] . Further, black-and glass-box methods are combined in some proposals, using both axiom pinpointing [60] and justification based techniques [42] .
VII. CONCLUSIONS AND FUTURE WORK
Artificial Intelligence aims to provide computer programs with commonsense knowledge to reason about our world [46] . This work offers a new practical approach towards automated commonsense reasoning with SUMO-based FOL ontologies. Next, we review the main contributions and results reported in this paper and discuss future work.
First, we have introduced a novel black-box testing methodology for SUMO-based ontologies -which is an evolved version of the methodology introduced in [8] -that exploits WordNet and its mapping into SUMO. By following our proposal, we have obtained more than 15,000 problems (thus, more than 30,000 CQs). To the best of our knowledge, this is the largest set of problems proposed for SUMO-based ontologies. Secondly, we have experimentally evaluated the competency of various translations of SUMO into FOL ontologies: TPTP-SUMO, Adimen-SUMO v.2.2 and Adimen-SUMO v2.6. Our conclusion is that Adimen-SUMO v2.6 is the most competent of the tested ontologies and the one that is best aligned to the knowledge of WordNet. Consequently, the FOL formalization of the knowledge of SUMO that is used in Adimen-SUMO is better than the one that is used in TPTP-SUMO. Further, we have not detected incorrect knowledge in Adimen-SUMO v2.6. Additionally, we have also evaluated the proposed set of problems. Our main conclusions are that our benchmark provides a large coverage and that the difficulty of the proposed problems is high, which enable a good evaluation of both ontologies and FOL ATPs. The CSR domain of the TPTP problem library already includes a set of 150 problems that has been semiautomatically created by following the method proposed in this work. Finally, we have manually evaluated the quality of a subset of the proposed problems when testing Adimen-SUMO v2.6. From our manual evaluation, we have detected a) some defects in the mapping of synsets (especially in the case of adjectives); b) some discrepancies between the knowledge of WordNet and SUMO; and c) some solvable problems for which ATPs find no solution. Our conclusion is that the current competency evaluation results of Adimen-SUMO v2.6 (c 1 = 0.564 and c 2 = 0.265) can possibly be improved up to 0.95 by augmenting the knowledge in SUMO and correcting the mapping and the alignment between WordNet and SUMO.
All the resources that have been used and developed during this work are available in a single package, including: 15 a) the ontologies; b) tools for the creation of tests, its experimentation and the analysis of results; and c) the resulting tests for each ontology and the output obtained from different ATPs.
Regarding future work, our plan is to enlarge and improve the proposed set of problems by following different strategies. Amongst others:
• By correcting the mapping and the alignment between WordNet and SUMO.
• By considering alternative proposals for the translation of the WordNet-SUMO mapping.
• By exploiting additional WordNet relations, such as meronymy. Some preliminary works have been already introduced in [4] and [5] .
• By exploiting other resources of knowledge such as EuroWordNet Top Ontology [2] , FrameNet [59] , Predicate Matrix [23] , ConceptNet [66] or VisualGenome [44] .
• By following white-box testing strategies that focus on the particular representation of the knowledge [6] . Furthermore, we also aim to exploit unsolved problems in order to improve Adimen-SUMO. For this purpose, we will have to analyze whether the classification of problems as unsolved is due to the lack of knowledge in Adimen-SUMO. If so, we would consider the possibility of enriching Adimen-SUMO by adding knowledge from WordNet or other resources. Additionally, WordNet itself and its mapping can be evaluated. For example, by detecting synsets that are frequently involved in problems classified as incompatible. Finally, we plan to evaluate knowledge resources such as ontology domains [64] and the Multilingual Central Repository (MCR) [33] , and to check the utility of Adimen-SUMO v2.6 in Natural Language Processing (NLP) tasks that involve reasoning on commonsense knowledge [18] , such as Recognizing Textual Entailment (RTE) [1] , [19] , [21] , Natural Language Inference (NLI) [20] or Interpretable Semantic Textual Similarity (iSTS) [45] .
APPENDIX A HYPONYM PATTERNS
In this appendix, we describe the QPs that are based on the main structural relation of WordNet: the super-subordinate relation called hyponymy. This relation relates more general synsets (called hypernyms) to more specific ones (called hyponyms). More concretely, WordNet provides 84,427 noun hyponym pairs and 13,239 verb hyponym pairs. Since the semantics of hyponyms is less general than the semantics of hypernyms, the resulting CQs state that the SUMO statements that result from the mapping information of hyperyms are more general that the SUMO statements that result from hyponyms. In order to construct the CQs, we use the same variable for obtaining the SUMO statement according to the mapping information of the given synset (see Subsection IV-A).
In the following subsections, we propose two different QPs depending on the mapping relation that is used for connecting the most specific synset (i.e. the hyponym) of the given hyponymy-pair.
A. HYPONYM PATTERN #1
Given a synset hypo connected to SUMO using subsumption or instantiation, the semantics of the resulting SUMO statement (see Subsection IV-A) is more general than the semantics of hypo. At the same time, given a hyponymypair that relates hypo as hyponym with another synset hyper as hypernym, the semantics of hyper is more general than the semantics of hypo. Consequently, we can only state that the sets of SUMO instances respectively related to hypo and hyper are non-disjoint as follows:
(exists (?X) (and For example, rock 2 n (''material consisting of the aggregate of minerals like those making up the Earth's crust'') is hyponym of material 1 n (''the tangible substance that goes into the makeup of a physical object''). The synset rock 2 n is connected to Rock c +, while material 1 n is connected to Substance c = (see Figure 5 ). Using the same variable for both synsets (the variable ?X), we obtain the following statements from their mapping information:
(instance ?X Substance)
By the instantiation of the QP in statement (19) using the above two statements, we obtain the following CQ that states that Rock c and Substance c are non-disjoint:
(exists (?X) (and
The above CQ is classified as solved and entailed according to Adimen-SUMO v2.6, while it is classified as unsolved according to TPTP-SUMO and Adimen-SUMO v2.2. Using this first QP, we obtain 7,539 CQs for nouns and 1,765 for verbs.
B. HYPONYM PATTERN #2
If a synset hypo is connected to SUMO using equivalence, then its semantics is equivalent to the semantics of the SUMO statement that results from its mapping information. Further, given any hypernym hyper of hypo, the semantics of hyper is more general than the semantics of hypo. Consequently, we can state that the set of SUMO instances related to hyper is a superset of the set of SUMO instances connected to hypo, as described in statement (14) (see Section IV).
For example, the verb synset poison 5 v (''administer poison to''), which is connected to Poisoning c =, is hyponym of drug 1 v (''administer a drug to''), which is connected to TherapeuticProcess+ (see Figure 6 ). The corresponding SUMO statements by using the same variable are:
(instance ?X TherapeuticProcess)
By the instantiation of second QP based on hyponymy using the above two statements, we obtain the following CQ that VOLUME 7, 2019 states that every instance of Poisoning c is also instance of TherapeuticProcess c :
(forall (?X) (=> (instance ?X Poisoning) (instance ?X TherapeuticProcess))) (25) The above CQ is classified as solved and incompatible according to Adimen-SUMO v2.6, while it is classified as unsolved according to TPTP-SUMO and Adimen-SUMO v2.2. Using the second QP based on hyponymy, we obtain 1,944 CQs for nouns and 304 for verbs.
APPENDIX B ANTONYM PATTERNS
In this appendix, we describe the problems that are based on the antonymy -which relates concepts with opposite meaning-and similarity -that links semantically comparable concepts-relations of WordNet (see Figure 2) .
WordNet provides 7,604 antonymy-pairs, from which 1,950 are noun pairs, 1,016 are verb pairs, 3,998 are adjective pairs and 640 are adverb pairs. In addition, given a synset ws in an antonymy-pair that is related with another synset ws via similarity, we can propose a new antonymypair by simply replacing ws with ws in the pair. In this fashion, we extend the given 7,604 antonymy-pairs to a set of 121,496 antonymy-pairs. Some of the synsets are mapped into SUMO relations in 36,934 of the resulting antonymypairs and, therefore, those pairs are not considered. In the remaining 84,562 antonymy-pairs of synsets, there are:
• 186 antonymy-pairs where both synsets are connected using equivalence (or its complement).
• 2,542 antonymy-pairs where equivalence (or its complement) is mixed with subsumption (or its complement) or instantiation.
• 81,834 antonymy-pairs where both synsets are connected using subsumption (or its complement) and instantiation.
In the following subsections, we describe 3 alternative QPs depending on the involved mapping relations that are based on checking whether the sets of SUMO instances related to antonym synsets are disjoint or not.
A. ANTONYM PATTERN #1
The first QP based on antonym is focused on the 186 pair of antonym synsets where both synsets are connected using equivalence (or its complement). In this case, the SUMO statements that result from the mapping information of each synset (see Subsection IV-A) are semantically equivalent to the given synset. Since synsets have opposite meaning, we can assume that the sets of SUMO instances represented by the SUMO statements resulting from each synset are 
For example, the antonym synsets birth 2 n and death 1 n are respectively connected to Birth c = and Death c = (see Figure 7) , from which we obtain the following statements by introducing a different variable for each synset:
(instance ?X Birth) (27) (instance ?Y Death)
By considering the newly introduced variables to be universally quantified, the following CQ results from the combination of statements (27) and (28) 
The truth-test of the above CQ states that any two SUMO instances of Birth c and Death c respectively are inevitably different. The corresponding falsity-test is obtained by negating (29) , which states that some instance of Birth c and Death c at the same time. This problem remains unsolved in TPTP-SUMO and Adimen-SUMO (v2.2 and v2.6) due to the lack of information in the ontology. From this QP, we obtain 71 different CQs.
B. ANTONYM PATTERN #2
The second QP is focused on the 2,542 antonymy-pairs where equivalence (or its complement) is mixed with subsumption (or its complement) or instantiation. Since antonymy is symmetric, without loss of generality we can assume that the first synset is connected using subsumption (or its complement) or instantiation and the second one using equivalence (or its complement) in the above 2,542 antonymy-pairs. As in the previous case, the SUMO statement that result from the mapping information of the second synset (which is connected by equivalence or its complement) to SUMO (i.e. the second one in the pair) is semantically equivalent to the given synset. However, the semantics of the statement that results from the first synset is more general than the semantics of the synset. Consequently, instead of assuming that the sets of SUMO instances represented by the resulting statements are disjoint, we can only state that some of the SUMO instances connected to the first synset does not belong to the set of SUMO instances connected to the second one, as described in the following QP: 
For example, the antonym synsets rural_area 1 n and urban_area 1 n are connected to GeographicArea c + and City c = respectively (see Figure 8) , from which we obtain the following statements by introducing a different variable for each synset:
(instance ?X GeographicArea) (31) (instance ?Y City)
Using the above statements, we obtain the following CQ from the second QP based on antonymy:
(exists (?X) In summary, we obtain 489 CQs from this second QP based on antonymy.
C. ANTONYM PATTERN #3
In the third QP, we focus on the 81,834 antonymy-pairs where both synsets are connected using subsumption (or its complement) or instantiation. In this case, the semantics of the SUMO statements that result from the mapping information of each synset is more general than the semantics of the synsets. Consequently, we can only assume that the sets of SUMO instances represented by the SUMO statements resulting from each synsets are not identical as follows: 
For example, the antonym synsets stained 1 a and unstained 1 a are connected respectively to Coloring c + and Surface Change c + (see Figure 9 ), from which we obtain the following statements by introducing a different variable for each synset:
(instance ?X Coloring)
(not (35) (instance ?Y SurfaceChanging)) (36) By the instantiation of the QP described in statement (34) using the above statements, we obtain the following CQ: 
The corresponding truth-test states that two different SUMO instances exist such that the first one is an instance of Coloring c and the second one is not an instance of SurfaceChanging c . The falsity-test that is obtained by negating (37) 
